Aphids are phloem-feeding insects that cause economic losses to crops 17 globally. Whilst aphid interactions with susceptible plants and partially 18 resistant genotypes have been well characterised with regards to aphid 19 probing and feeding behaviour, the interactions with non-natural host species, 20
Introduction 35
Aphids are important insect pests which cause significant yield losses to crops 36 globally 1 . There are approximately 5000 aphid species described and around 37 250 of these are important agricultural and horticultural pests which vary in 38 their host range -the ability to successfully infest different plant species. This 39 host range variation generally applies to secondary hosts during summer 40 months, where aphid populations increase rapidly due to asexual reproduction 41 2 . Whilst the majority of aphid species exhibit a limited host range, dedicated 42 to few closely related plant species, some aphid species, like Myzus persicae 43 (green peach aphid), have an exceptionally broad host range which includes 44
representatives from more than 40 plant families 1, 3 . The evolutionary drivers 45 and molecular determinants of such exceptionally broad host ranges in aphids 46 remain to be elucidated. 47 reside in different plant cell layers, suggesting complex mechanisms may 113 underlie plant immunity to aphids. 114
Results

115
The Arabidopsis-R. padi non-host interaction is characterised by long 116
no-probing periods and difficulties to locate the vascular tissues 117
We used the EPG technique to monitor R. padi probing and feeding behaviour 118
for the first 6 hours on either Arabidopsis (non-host) or barley cv. Golden 119 Promise (host) and found significant differences with regards to parameters 120 relating to probing and interactions with the plant vasculature (Fig. 2) . The 121 statistical results for all EPG parameters, which were significantly different in 122 host vs non/poor-host interactions (71/97 tested parameters) are displayed in 123 Table S1 , with the statistical results for all non-significant parameters (26/97 124 tested) shown in Table S2 . 125
In general, probing parameters which differed for R. padi when interacting 126 with non-host versus host plants were non-probing periods, number of probing 127 events, and time spent in the epidermal/mesophyll cells (C phase) ( Fig. 2a ; 128 Table S1 ). In the non-host interaction, the total time the aphids were not 129 probing during the 6 h recording was over 2.5 times greater (4889s) than the 130 host interaction (1767s) ( Fig. 2a ; Table S1 ; W = 33.00; p = <0.001). Also, 131 aphids probed non-host plants more frequently (18 attempts) than host plants 132 (8 attempts) ( Fig. 2a ; Table S1 ; W = 52.50, p = 0.001). Although the total 133 number of C phases (stylet activity at the epidermis/mesophyll) was not 134 different between non-host and host interactions, the overall time spent in the 135 epidermis/mesophyll (C phase) was over two times longer in the non-host(14128s) compared with the host interaction (6237s) ( Fig. 2a ; Table S1 ; W = 137 37.00; p = <0.001). All the vascular-related parameters (G, E1 salivation and 138 E2 ingestion phases) measured for R. padi were significantly reduced during 139 the non-host compared with the host interaction ( Fig. 2b ; Table S1 ). 140
Additionally, the number of xylem events was halved during the non-host 141 interaction (0.24 times) compared with the host interaction (0.50 times) (Fig.  142 2b; Table S1 ; W = 2.28.50; p = 0.001). The total length of xylem ingestion (G 143 phase) was significantly shorter on the non-host (1021s) compared with the 144 host plants (1483s) ( Fig. 2b ; Table S1 ; W = 221.50; p = 0.003). We observed 145 significantly fewer salivation events (E1 phase) during the non-host interaction 146 (0.18 events) compared with the host interaction (3.67 events; W = 282.00; p 147 = <0.001), and salivation events were five-fold shorter during the non-host 148 (18s) versus host (93s) interactions ( Fig. 2b ; Table S1 ; W = 278.00; p = 149 <0.001). Ingestion of phloem sap (E2 phase) was rarely observed during the 150 non-host interaction (0.06 times) compared with the host interaction (3 times; 151 W = 285.00; p = <0.001), and the total duration of this ingestion period was 152 greatly reduced on non-host (19s) versus host plants (10030s, or 2.78 hours) 153 ( Fig. 2b ; Table S1 ; W = 288.00; p = <0.001). 154
The barley-M. persicae poor-host interaction is characterised by a lack 155 of sustained phloem ingestion 156 Similar to the EPG assays performed with R. padi, we also assessed probing 157 and feeding of M. persicae on host plants (Arabidopsis) and poor-host plants 158
(barley cv. Golden Promise) over a 6-hour period (Fig. 3) . Within the probing 159 parameters, we observed significant differences in the number of probing 160 attempts on poor-host compared with host plants, while the non-probing time,and number and time of events associated with stylet activity in the epidermal 162 and mesophyll tissue (C phase) were similar (Table S2 ; Fig. 3b ). In contrast, 163 the differences between M. persicae interactions with poor-host versus host 164 plants were primarily at the vascular level with aphids spending extensive 165 periods of time in the xylem and showing reduced phloem ingestion on poor-166 host plants (Table S1 ; Fig. 3b ). During the poor-host interaction, there was a 167 significant increase in the number of aphid probing attempts (19 attempts) 168 compared with the host interaction (16 attempts) ( Fig. 3a ; Table S1 ; W = 169 186.00; p = 0.024). The time spent in the non-probing phase was longer in the 170 poor-host interaction (3130s) than the host interaction (2275s), but this 171 difference was not statistically significant ( Fig. 3a ; Table S2 ). The aphids 172 spent a similar amount of time in the C phase, which lasted 13328s during the 173 poor-host and 11879s during the host interaction. Aphid stylet activities 174 related to the vascular parameters (G -xylem, E1 -phloem salivation, and 175 E2 -phloem ingestion) were different between host and poor-host 176 interactions ( Fig. 3b ; Table S1 ). The number of times that M. persicae 177 reached the xylem (G phase) during the poor-host interaction was higher 178
(1.33 times; W = 133.50; p = <0.001) and time of interaction was longer 179 (2321s; W = 142.50; p = <0.001) than during the host interaction, where 180 aphids reached the xylem 0.30 times and spent a total of 691s in the xylem 181 ( Fig. 3b ; Table S1 ). 182
For the E1 salivation phase the number and duration of events was reduced 183 during the poor-host interaction, with 1.73 events (W = 5.28; p = <0.001), with 184 a total length of time spent salivating into the phloem of 562s (W = 500.00; p =<0.001), compared with the host interaction (7 events with a time length of 186 652s) ( Fig. 3b ; Table S1 ). persicae-barley interaction (poor-host) aphids reached the phloem but were 210 unable to ingest sap for prolonged periods of time. Based on the data 211 generated here for M. persicae and R. padi we propose a model wherein 212 poor-and non-host plant resistances against these aphid species may reside 213 within the phloem and mesophyll cell layers, respectively (Fig. 4) . 214
During the R. padi-barley interaction (host interaction) the aphids spend less 215 time probing and in the pathway phase compared to the non-host interaction 216
with Arabidopsis, and readily reach the phloem where salivation and phloem 217 sap ingestion takes place for several hours (Fig. 4a) . Occasionally, aphids will 218 drink from the xylem, which is thought to be important in coping with osmotic 219 effects associated with ingestion of large amounts of phloem sap 22, 23 . In 220 contrast, R. padi shows increased probing behaviour on the non-host plant 221 Arabidopsis, as well as an extended stylet pathway phase, and only rarely 222 does the aphid reach the Arabidopsis phloem or xylem (Fig. 4b) . On the 223 occasions where the R. padi stylets reach the vascular tissue during non-host 224 interactions the ingestion of sap on these occasions is not effective, in line 225 with this aphid being unable to survive on Arabidopsis 8 . Interestingly, R. padi 226 encountered more frequent stylet penetration difficulties when interacting with 227 Arabidopsis, as reflected by the F phase. This F phase is known to occur 228 exclusively at the mesophyll cell layers 20 , suggesting that the non-host 229 resistance could reside there (Fig. 4b) within the mesophyll cell layer to activate defences against aphids remains to 239 be determined. 240
The M. persicae-Arabidopsis (host) interaction, features short probing and 241 pathway times, and prolonged salivation and ingestion once the phloem is 242 reached, as well as occasional xylem drinking (Fig. 4c) . In contrast, during the 243
M. persicae-barley interaction (poor-host interaction) aphids show increased 244
probing but spend a similar time in the stylet pathway phase as aphids on 245 host Arabidopsis plants. The main differences between the Arabidopsis (host) 246 and barley (poor-host) interactions with M. persicae are reduced salivation in 247 the phloem and relatively short periods of phloem ingestion (less than 10 248 minutes) on barley ( Fig. 4c and d) . It is likely that this reduced phloem sap 249 ingestion is responsible for the reduced M. persicae performance on barley 250 7, 24 . It is possible that M. persicae attempts to compensate for this reduced 251 ingestion of phloem sap with increased xylem drinking, in line with the 252 observation that aphid starvation increases the xylem phase (Fig. 4d ) 24 . 253
Phloem resistance factors are related to the E1 salivation and E2 ingestion 254 parameters, and in particular ingestion phases shorter than 10 minutes 21, 25 . 255
Phloem-mediated defences against aphids include the occlusion of sieve 256 elements, which prevents aphids from ingesting phloem sap [26] [27] [28] . This phloem 257 occlusion occurs upon callose deposition and formation of P-protein plugs. 258
The latter is thought to seal off the phloem upon damage and/or to block the 259 aphid food canal 13, 28 . Interestingly, PAD4 was found to be a component of 260 phloem-based immunity against M. persicae in Arabidopsis 29 . However, no 261 barely PAD4 (MLOC_1340) or PAD4-related genes were up-regulated during 262 the barley-M. persicae interaction 7 . However, our previous transcriptome 263 analyses showed induction of a barley gene encoding Phloem Protein 2-like 264 (PP2), which is a phloem specific lectin, with the induction being most 265 pronounced during the barley-M. persicae interaction 7 . Lectins have 266 carbohydrate-binding properties and function in cell communication, 267 development, and plant defence 30 . PP2 is a lectin highly abundant in the 268 phloem and accumulates in damaged phloem sieve pores to form protective 269 plugs 31 . Overexpression of AtPP2 in Arabidopsis leads to reduced M. 270 persicae feeding suggesting PP2 may contribute to defences against aphids 271 32 , possibly by interfering with aphid digestion in the midgut 33 . The very 272 infrequent phloem sap ingestion we observed might reflect a rejection of the 273 sieve element, possibly due to the presence of a deterrent factor in the 274 phloem sap 34 . Indeed, lectins, including PP2-like proteins, have been shown 275 to have deterrent activities and insecticidal activities against M. persicae 276 32, 35, 36 . Whether barley phloem-lectins like PP2 indeed contribute to phloem-277 based defences of barley against M. persicae needs to be further tested. 278
It is important to note that the EPG experimental set-up was of a no-choice 279 nature (i.e. aphids were placed on the plants) and that additional plant 280 resistance components that affect aphid choice may play a role in the 281 interactions studied here 3, 7 . For example, we previously showed that the 282 black cherry aphid (Myzus cerasi), which infests cherry trees as well asseveral herbaceous plants, displays only limited probing on non-host barley 284 plants, and does not settle on barley leaves 7 , pointing to a potential role of 285 barley defences that act at the pre-probing level against this aphid species 37 . 286
In addition, some plant induced volatile compounds have been reported to be 287 repellent to aphid pests and attractants of their natural enemies [38] [39] [40] . 288
With limited genetic crop resistance available against aphids, identifying the 289 determinants of non/poor-host resistance is an important area of research that 290 may help the development novel crop protection strategies. Using a detailed 291 assessment of aphid probing and feeding behaviour on different natural host 292
and non-host species we show that resistances may reside in different cell 293 layers depending on the plant species-aphid species interaction. 294
Methods 295
Aphid rearing 296
R. padi (JHI-JB, genotype G) 41, 42 was maintained on Hordeum vulgare L. cv 297
Optic and M. persicae (JHI_genotype O) was maintained on Brassica napus 298
(oilseed rape). All aphid species used in the experiments were maintained in 299 growth chambers under controlled conditions (18°C, 16 h of light). 300
Plant growth 301
Barley plants (cv. OpticGolden Promise) were pre-germinated in Petri dishes 302 with wet filter paper for three days in the dark. Then, they were moved to a 303 cabinet under controlled conditions and grown for 7 days (growth stage 1.10, 304 determined using the staging key 43 ) until the EPG experiments. Arabidopsis 305 plants were sown directly in soil; the seeds were stratified for 3 days at 4ºC 306 and placed in the growth cabinet for 4-5 weeks before use in experiments(growth stage 1.10 to 3.90, determined using the Boyes growth key 44 ). The 308 cabinet conditions for Arabidopsis were 8 hours of light (125 µmol 309 photons/m 2 .s), at 22 °C and 70% humidity. The cabinet conditions for barley 310 were 8 hours of light (150 µmol photons/m2.s), at 20 °C (+-2°C). 311
Electrical penetration graph (EPG) analyses 312
The probing and feeding behaviour of R. padi and M. persicae on different 313 plant species was assessed using the Electrical Penetration Graph technique 314 15 on a Giga-4 DC-EPG device with 1 Giga Ω resistance (EPG Systems, The 315 Nethelands). We used a randomized block design for all EPG experiments 316 performed here. Aphids were connected to a copper electrode with a golden 317 wire (20 µm diameter), attached at the aphid dorsum and connected to the 318 electrode with water-based silver glue. Aphids were lowered onto either an 319
Arabidopsis or barley leaf approximately 1-1.5 hr after being removed from 320 culture, depending on the treatment, and feeding behaviour was recorded 321 over a 6h period. Three recordings were taken simultaneously. 
